The synthesis process of aluminophosphate AlPO 4 -11 molecular sieve in the mixed water/1-butyl-3-methylimidazolium bromide ([bmim]Br) ionic liquid was investigated by XRD, multinuclear solid-state NMR, scanning electron microscopy (SEM) and X-ray energy dispersive spectroscopy (EDS). It was observed that a tablet phase, named SIZ-2, was formed at the early stage of crystallization. During crystallization metastable SIZ-2 with an incompletely condensed framework phosphorus disappeared gradually, and the phosphorous species became fully condensed through hydroxyl reaction with tetrahedral aluminum to form thermodynamically stable AlPO 4 -11 in the final product. It was found that [bmim]Br, acting as the structure-directing agent, was occluded into the AlPO 4 -11 channel.
Introduction
Molecular sieves are crystalline microporous inorganic materials, which are widely applied in catalysis, adsorption-separation and ion exchange etc.
1,2 Aluminophosphate zeolite analogues with neutral framework extend the field of molecular sieves, and the framework atoms can be substituted by silicon or metal atoms, which results in new properties or structures. Generally, aluminophosphate molecular sieves are synthesized in hydrothermal or solvent thermal conditions. Ionothermal synthesis with ionic liquids (ILs) or deep eutectic mixtures as the solvents has attracted much attention for the preparation of porous materials.
3-20 Among these, a series of aluminophosphate molecular sieves was synthesized using ILs as both solvents and structure-directing agents (SDAs).
3,9-13 Moreover, organic amines could be added into the system to alter the phase selectivity of the aluminophosphate molecular sieves through a cooperative structure-directing effect between the ionic liquids and the organic amines.
14- 17 The addition of water into the ionic liquids affected significantly the molecular sieve crystallization kinetics and structure selectivity in the ionothermal system; thus the synthesis process could be altered by controlling the amount of water in the ionic liquids.
13, 16 However, how structure transformation of aluminophosphate molecular sieves in the water/ILs mixture takes place is still unclear. In this work, the synthesis process of AlPO 4 -11 molecular sieve in the mixed water/1-butyl-3-methylimidazolium bromide ([bmim]Br) ILs system was investigated by one-and two-dimensional multinuclear MAS NMR, XRD, scanning electron microscopy (SEM) and X-ray energy dispersive spectroscopy (EDS). The phase transition from the amorphous state to metastable SIZ-2, then to stable AlPO 4 -11 in the final solids is described by detailed characterization at the atomic level in order to gain more insight into the formation mechanism for aluminophosphate.
Experimental

Sample preparation
The ionothermal synthesis of molecular sieves in ionic liquids was carried out as previously described. PO 4 were used as the sources of aluminum and phosphorus, respectively. The raw materials were weighed in a nitrogen glove box to avoid exposure to moisture, and then transferred to a three-neck flask. The initial mixtures were aged in an oil bath at 90
• C for 1 h, and the stoichiometric ratio amount of water was added at this stage. The gels were then heated to 190
• C for crystallization. After cooling to room temperature, the products were washed with deionized water, and dried at room temperature to obtain the solid samples.
Characterization
XRD patterns were collected on a Rigaku D/MAX-2500 X-ray diffractometer with Cu-Ka radiation in the 2q range of 5-50
• and scan rate of 5
• min -1 . All solid-state NMR measurements were performed on a Varian Infinityplus-400 spectrometer. The one-dimensional 27 Al and 31 P spectra were collected using 4-mm MAS probe. 27 Al MAS NMR spectra were recorded at 104.2 MHz with a spinning rate of 10 kHz, 100 scans, and a 2 s recycle delay. The chemical shifts were referenced to the 1% Al(NO 3 ) 3 aqueous solution.
31 P MAS NMR experiments were conducted at 161.8 MHz with a spinning rate of 10 kHz, 200 scans, and a 2 s recycle delay.
1 H→ 31 P crosspolarization (CP) MAS NMR spectra were obtained with 400 scans, contact time of 0.1-10 ms. The 31 P NMR chemical shifts were referenced to 85% H 3 PO 4 . The two-dimensional 27 Al→ 31 P HETCOR spectra were acquired with 7 mm MAS probe using the approach described by Fyfe et al. 21 The TPPI method was used for 2D data acquisition and processing.
1 H→ 13 C CP/MAS NMR spectra were recorded at 100.5 MHz using a 5 mm MAS probe with a spinning rate of 6 kHz, 21,000 scans, a contact time of 4 ms, and a recycle delay of 2 s. The chemical shifts were referenced to adamantane with an upfield methine peak at 29.5 ppm.
SEM images were obtained using the FEI Quanta 200FEG scanning electron microscope, and energy dispersive spectroscopy (EDS) analysis was carried out using this microscope equipped with a X-ray energy analyzer.
Results and discussion
Powder X-ray diffraction (XRD)
The powder XRD patterns of samples synthesized in the water/ILs system with different crystallization times are presented in Fig. 1 to follow the long-range ordering of the intermediate phases. The sample aged at 90
• C for 1 h (Fig. 1a) shows four broad peaks corresponding to pseudoboehmite, indicating a large amount of amorphous raw materials. When the temperature is increased to 190
• C, some defined peaks appear (Fig. 1b) . This means at this stage a part of sample is crystalline with long-range ordering. Meanwhile, the intensities of the peaks become more pronounced with prolonged heating time. The pattern of this intermediate fits well with the SIZ-2 phase synthesized in deep eutectic solvents previously reported by Cooper et al. 3 The pattern of sample crystallized for 4 h in Fig. 1d shows a new peak at 2q of 21.3 • corresponding to the (002) diffraction of AlPO 4 -11, and the peak intensities of SIZ-2 begin to decrease. The characteristic peaks of AlPO 4 -11 with AEL structure appear after crystallization for 6 h (Fig. 1e) . With increasing crystallization time peak intensities of SIZ-2 decrease further while those of AlPO 4 -11 increase. Finally, only peaks of the AlPO 4 -11 molecular sieve remain after crystallization for 9 h (Fig. 1f) . It was concluded from the XRD patterns that a new phase of SIZ-2 was formed at the initial crystallization stage which finally disappeared during AlPO 4 -11 synthesis in the water/ILs system.
One-dimensional 27 Al and 31 P MAS NMR
Local structures of aluminum and phosphorus in the samples during crystallization were probed by 27 Al and 31 P MAS NMR, and the spectra are shown in Fig. 2 and Fig. 3, respectively. 27 Al NMR spectrum of the sample aged at 90
• C shows a main broad resonance centered at ca. 8 ppm and a weak resonance at ca. 41 ppm (Fig. 2a) . The peak at 8 ppm should arise from octahedral Al in the unreacted pseudoboehmite, as it shows a single 27 Al resonance at the same position (not shown). The line at 41 ppm may be associated with tetrahedral Al in the Al(OP) 4 units in the amorphous aluminophosphate.
22, 23 Meanwhile, the corresponding 31 P NMR spectrum in Fig. 3a shows a broad peak centered at-14 ppm originating from the phosphorous sites in the amorphous phase.
22,23
This amorphous phase is not resolved in the XRD pattern. On the crystallization at 190 • C, a sharp resonance appears at 43 ppm in the 27 Al NMR spectrum (Fig. 2b) . There is no doubt this signal should be assigned to the tetrahedral Al in the Al(OP) 4 units in the SIZ-2 framework. While the corresponding 31 P NMR spectrum in Fig. 3b shows two peaks at -11 and -19 ppm, which may be due to the not fully condensed P atoms. After cross polarization, the 31 P NMR spectra in Fig. 4 demonstrate that the signal enhancement at -11 ppm is more significant with short contact time than that at -19 ppm. This implies that there are more OH groups connecting to the phosphorus of the signal at -11 ppm. So, the two lines in Fig. 3b may be assigned to the sites of P(OAl) 2 (OH) 2 and P(OAl) 3 View Article Online Asterisks denote the spinning sidebands. framework. With the crystallization time further prolonged, the 27 Al and 31 P NMR intensities belonging to SIZ-2 first increase and then decrease. As for the sample crystallized for 4 h its 27 Al NMR spectrum shows a new resonance at 36 ppm (Fig. 2d) and the corresponding 31 P NMR spectrum shows a new resonance at -29 ppm (Fig. 3d) , which agree well with the chemical shift of tetrahedral Al(OP) 4 and a fully condensed P in the AlPO 4 -11 zeolitic framework.
22, 24 Moreover, a weak line becomes obvious at around -12 ppm in the 27 Al spectrum, which can be assigned to octahedral Al in AlPO 4 -11. 23 For the sample crystallized for 9 h, tetrahedral Al is dominant in AlPO 4 -11, and little unreacted aluminum remains at 8 ppm in the 27 Al NMR spectrum. This may be due to the low reactivity of the pseudoboehmite raw material in an environment with a relatively low content of water.
Two-dimensional 27 Al→ 31 P HETCOR NMR
The assignments of 27 Al and 31 P resonances of different phases are further confirmed by 27 Al→ 31 P HETCOR NMR spectra, which provide the connectivity information of 31 P and 27 Al via a dipolar interaction (Fig. 5) . For the sample crystallized for 2 h the tetrahedral resonance at 43 ppm in the 27 Al projection correlates to both -11 and -19 ppm of the 31 P projection. It agrees well with the crystal structure of SIZ-2 that each framework Al connects with three P (OAl) 2 (OH) and one P (OAl)(OH) 2 .
3 However, there is no resonance at 8 ppm in 27 Al projection, which means that it does not connect with P and should be assigned to the unreacted pseudoboehmite. For the sample crystallized for 9 h (Fig. 5b) , the peak of 27 Al NMR at 36 ppm correlates to that of 31 P NMR at -29 ppm, which corresponds to the framework Al and the fully condensed P connectivity of the AlPO 4 -11 molecular sieve.
From the above one-and two-dimensional 27 Al, 31 P NMR spectra, it can be seen that during the synthesis process more and more octahedral Al species in the raw material pseudoboehmite enter the framework of SIZ-2 then further transform into the tetrahedral Al species in AlPO 4 -11 accompanying the phase transition from SIZ-2 to AlPO 4 -11. Meanwhile, the P species become more fully condensed through the hydroxyl reaction with the framework Al and form the AlPO 4 -11 phase in the final product.
H→ 13 C CP/MAS NMR
The organic moiety changes from SIZ-2 to AlPO-11 were also investigated by 1 H→ 13 C CP/MAS NMR as shown in Fig. 6 . For the sample crystallized for 2 h, there are very weak signals of organic species, which may be the residual ionic liquids buried in the solid, and should not be the structure direct agent (SDA) for SIZ-2. As reported by Cooper et al. the NH 4 + from the decomposition of urea acted as the SDA during the SIZ-2 crystallization.
3 In our system NH 4 H 2 PO 4 as the raw material provided rich NH 4 + , which may favour SIZ-2 formation at the initial crystallization stage. However, for the sample crystallized for 9 h in the final product, there are obvious 13 C NMR signals for [bmim] + , which are similar to those of the free [bmim]Br (Fig.  6b) . This indicates that [bmim]Br is occluded in the channels of AlPO 4 -11 and may act as a SDA for its formation.
SEM and EDS analysis
The morphologies and compositions of solid samples during the synthesis process were also investigated by SEM and EDS. As shown in Fig. 7a , there are two significantly different morphologies for the sample aged at 90
• C for 1 h. The main bulk phase with molar composition of Al/P > 10 by EDS at site I should be attributed to pseudoboehmite for the rich content of Al species. The other portion at site II with Al/P of about 2.0 may be amorphous aluminophosphate formed by the partial condensation of aluminum and phosphorus species. After crystallization at 190
• C for 2 h, the main phase is a tablet with Al/P of 0.6 at site III in Fig. 7b . From above XRD and NMR measurements, it is concluded that this tablet phase is SIZ-2 with much more notfully condensed P species. For the sample crystallized for 6 h, new irregular aggregates with Al/P of about 1.0 appear at site IV in Fig. 7c , which agrees well with formation of the AlPO 4 -11 phase during this stage as detected by XRD. However, there are also some tablets with Al/P of 0.6 resulting from the unreacted SIZ-2. Finally, the sample crystallized for 9 h aggregates without a tablet phase as shown in Fig. 7d . This means that all the SIZ-2 was transformed into AlPO 4 -11 during the final stage.
Conclusions
XRD, solid-state NMR and SEM characterization demonstrate that, at the initial crystallization stage, a combination of rich NH 4 + and low condensation of P species favour the kinetic transformation of amorphous aluminophosphate into the SIZ-2 phase. However, the tablet SIZ-2 crystal is metastable thermodynamically because all the framework phosphorus is not fully condensed as can be seen in the 31 P MAS NMR. Further crystallization indicates that SIZ-2 disappears gradually with more and more P species becoming fully condensed through hydroxyl reaction with tetrahedral Al while [bmim]Br, acting as the SDA, is occluded in the channels to form the thermodynamically stable AlPO 4 -11 phase.
